Measuring Energetics of Biological Processes by Nienaber, John A. et al.
Agricultural and Biosystems Engineering
Publications Agricultural and Biosystems Engineering
2009
Measuring Energetics of Biological Processes
John A. Nienaber
United States Department of Agriculture
James A. DeShazer
Hongwei Xin
Iowa State University, hxin@iastate.edu
Peter E. Hillman
Jong-Tseng Yen
See next page for additional authors
Follow this and additional works at: http://lib.dr.iastate.edu/abe_eng_pubs
Part of the Agriculture Commons, and the Bioresource and Agricultural Engineering Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
abe_eng_pubs/233. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Agricultural and Biosystems Engineering at Iowa State University Digital Repository. It
has been accepted for inclusion in Agricultural and Biosystems Engineering Publications by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Authors
John A. Nienaber, James A. DeShazer, Hongwei Xin, Peter E. Hillman, Jong-Tseng Yen, and Calvin F. Ferrell
This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/abe_eng_pubs/233
Chapter 4: 
Measuring Energetics  
of Biological Processes 
John A. Nienaber, James A. DeShazer, Hongwei Xin,  
Peter E. Hillman, Jong-Tseng Yen, Calvin F. Ferrell 
Introduction 
Measurement of the energetics of biological processes is the key component in un-
derstanding the thermodynamic responses of homoeothermic animals to their envi-
ronments. For these animals to achieve body temperature control, they must adapt to 
thermal-environmental conditions and variations caused by weather (the meteorologi-
cal condition of a region), climate, vegetation, topography, and shelters (see Figures 2 
and 3 of Chapter 1). Adaptation can take different forms as defined by Hafez (1968). 
Physiological adaptation is the capacity and process of adjustment of the animal to 
itself, to other living material, and to its external physical environment. Genetic adap-
tation refers to the selection and heritability of characteristics for a particular envi-
ronment or climatic region. A long-term adaptive physiological adjustment is referred 
to as acclimatization. We know this occurs through observations of animal conforma-
tion, animal types, respiratory rate, color, behavior, food selection, etc. Since adapta-
tion of the animal to its thermal environment requires regulation of body temperature, 
measurement of that adaptation through animal energetics provides an indicator of the 
extent and energetic cost of adaptation. 
 This chapter discusses several methods of evaluating changes in energetic adapta-
tion through changes in heat production or heat loss, both involving energy transfer. 
The focus here is on physical and chemical evaluations, leaving the biochemical tech-
niques to others. Appendix A at the end of this chapter includes a comprehensive list-
ing of farm animal energy metabolism laboratories from around the world.  A total of 
20 or more techniques are utilized by these laboratories but this discussion will be 
limited to author experiences, most being some form of calorimetry. An earlier book 
on calorimetry presented by McLean and Tobin (1987) gives an interesting review of 
different animal and human calorimeters and their instrumentation. 
Calorimetry is the measurement of heat. In our case, animal calorimetry is defined 
as the science (and art) of measurement of heat transfer between an animal and its 
environment. The primary purpose is to gain an understanding of an animal’s thermo-
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regulation and the factors involved in management of the animal’s environment (ther-
mal, nutritional, social, and genetic). 
The techniques will be described to give the reader an understanding of the basis 
and the limitations of each. Many techniques are mutually exclusive, therefore not 
directly comparable. However, verification lies in the overall fit of the data to produc-
tion facilities and each provides insight to a particular aspect of management of the 
animal. Kleiber (1975) has compiled the history of the modern science of energy me-
tabolism and credits A. L. Lavoisier (1743-1794) as the father of the science of energy 
metabolism because he defined “oxygen” use in the combustion process. Lavoisier 
actually utilized measures of both direct (heat loss) and indirect (heat production) ca-
lorimetry. Calorimeters of today, while more sophisticated than earlier models, are 
based on the same principles discovered then. 
Direct Calorimetry 
Direct calorimetry measures the sensible and evaporative heat losses of the animal, 
which are the data needed to calculate the heat and moisture load for livestock build-
ings. Adding these two parameters is a measure of the total heat loss of the animal. 
Calorimeters for measuring sensible heat are primarily respiratory calorimeters and 
gradient layer calorimeters. The respiratory calorimeter is sometimes referred to as an 
adiabatic calorimeter since no heat is lost to or from the calorimeter chamber or box. 
This type of calorimeter is also called a heat sink calorimeter, since the sensible heat is 
collected in some type of heat sink, such as water, for measuring the heat generated. A 
gradient layer calorimeter is more difficult to construct and thus more expensive, but 
is precise and has a rapid response. Additional direct calorimeters include spot or local 
calorimeters for determining heat loss at specific locations on the animal. This type of 
direct calorimeter is the most recent and is discussed in detail below. Convection calo-
rimeters have also been used. This type forces all the heat through the ventilation sys-
tem, and thus the difference of enthalpy or temperature of the air is measured along 
with the mass flow rate to calculate the total or sensible heat loss, respectively. Kelly 
et al. (1963) describes such a calorimeter for swine heat loss studies. An indirect calo-
rimeter can be used in concert with direct calorimetry when airflow and air concentra-
tions for the appropriate gases of the inlet and outlet air are measured. 
Respiration Calorimeter 
For the respiratory calorimeter to measure the sensible heat loss of the animal, the 
animal chamber is prevented from gaining or losing heat to the outside environment. 
This has been accomplished in several ways. For the Armsby Respiration Calorimeter at 
The Pennsylvania State University, the air temperature in the air space between triple 
walls of the calorimeter was maintained at the same temperature, therefore preventing 
sensible heat from transferring through the walls because the temperature gradient 
would be null. For more detail of the control and construction of this famous calorime-
ter, and to gain greater appreciation of the complexity and ingenuity involved in building 
direct calorimeters, the reader is directed to Bulletin 302 of The Pennsylvania State 
College, School of Agriculture and Experiment Station (Braman, 1933). The first ex-
periment with an animal in the Armsby Respiratory Calorimeter was in 1902. Since 
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1960 the Armsby Respiratory Calorimeter has been preserved for historic value. Ini-
tially it was the “only apparatus in the world of the size required for work with cattle, 
which measures energy directly” (Braman, 1933). 
For groups of poultry, H. Ota developed the Beltsville Respiration Calorimeter. De-
tails of the construction of this calorimeter are found in Scott et al. (1983). Again, a 
null balance was maintained between the inside and outside surface temperature sur-
rounding the air space in the walls, ceiling, and floor of the chamber to make adiabatic 
conditions. About 70% to 80% of the sensible heat lost by the poultry is transferred to 
finned absorption coils located approximately 20 cm from the ceiling and walls. The 
sensible heat transfer to the ventilation air and coolant in the finned coils was used to 
determine the total sensible heat loss by the birds. Corrections were made for evapora-
tion of water from the fountains and fecal pans, and the heat inputs from the fan and 
lamps. Ota and McNally (1961) developed the first set of heat and moisture engineer-
ing data used for environmental control of poultry housing. 
Gradient Layer Calorimeter 
The gradient layer calorimeter has been used since the late 1880s. However, a ma-
jor breakthrough occurred in gradient layer calorimetry when Benzinger and Kitzinger 
(1949) developed thermoelectric heat flow meters. The heat flow meters were placed 
on the six walls of a calorimeter to measure the total sensible heat lost through the 
walls. The heat flow meters were referred to as the gradient layer of the calorimeter 
since temperature gradients were measured across the heat flow meter, usually with 
serially connected differential thermo-junctions. The gradient layer calorimeter can 
contain a radiometer that completely surrounds the animal, and thus is called a 4Pi 
radiometer based on solid geometry. Benzinger and Kitzinger (1950) created and de-
veloped this non-directional radiometer for human studies. This provided the radiation 
to be separated from the total sensible heat loss. Thus, the convective heat loss can be 
determined by subtracting the radiant heat loss from the total sensible heat loss, when 
the conductive heat loss was made negligible. This was accomplished by thermally 
insulating the animal pen with a nylon or plastic barrier next to the wall of the cham-
ber. Because this type of calorimeter can partition the sensible heat loss into radiation 
and convection, it is referred to as a partitional calorimeter. The advantage of the gra-
dient layer calorimeter is its quickness in response to the changes in sensible heat loss 
of the animal. Thus, this system provides dynamic heat loss response measurements to 
external changes of the subject’s configuration and changes in position. 
The gradient layer calorimeter with the 4Pi radiometer was first used for farm ani-
mals by Stewart (1957) at the University of Missouri, and later adapted by Jordan and 
Dale (1963) at Purdue University. Later North Carolina State University (DeShazer et 
al., 1970), Cornell University (Scott et al., 1983), and the University of Nebraska (Ol-
son et al., 1974) used the partitional calorimeter for small animal studies, e.g., poultry. 
The quick response advantage of the partitional calorimeter is demonstrated by De-
Shazer et al. (1969) in Figure 1 showing heat loss changes resulting from ruffling of 
feathers and changes from sitting to a standing position. Dropping the wings also was 
shown to increase the convective heat loss of a laying hen by about 25%. A gradient 
layer calorimeter for large animal studies was built at the Hannah Research Institute in  
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Figure 1. Partitioning of heat losses of a laying hen in gradient layer calorimeter controlled at 30.5°C 
(DeShazer et al., 1969). 
Scotland and is described in detail by McLean and Tobin (1987). Sadly, all these orig-
inal gradient layer calorimeters have been dismantled. Merlyn Nielsen at the Univer-
sity of Nebraska is presently using commercial gradient layer calorimeters for genetic 
studies of mice (Nielsen et al., 1997). This is the only gradient layer calorimeter 
known to the authors that is currently being used for agricultural animal research. 
Spot Calorimetry 
A portable calorimeter that allows measurements of temperature and relative hu-
midity of air passing over a defined area (76 mm × 102 mm) on the body of a cow was 
designed and fabricated by Hillman et al. (2001) at Cornell University. Sensible and 
latent heat losses can be calculated from these measurements. The surface temperature 
of the sample area is also measured for calculation of longwave radiation. The side 
and top views of the portable calorimeter are shown in Figure 2. 
An infrared temperature transducer (model MI40 Thermalert, Raytek) is mounted 
in the calorimeter to measure the surface temperature of the sample area. The sample 
area exchanges longwave radiation with the surrounding environment. The top of the 
sample area is covered with a thin, clear plastic film (0.013 mm thick). The film al-
lows passage of 99% of longwave radiation and 95% of shortwave radiation. A foam 
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Figure 2. Side and top views of the portable calorimeter showing patterns of airflow and the location 
of the sensors (Hillman et al., 2001). 
seal prevents air leakage from the bottom window of the calorimeter, where it is 
pressed against the sample area. The foam seal is mounted on a removable plate in 
order to allow different thickness of foam to be used, depending on the thickness of 
the animal’s hair coat. 
Ambient air is pulled through the sample area by a variable-speed vacuum pump 
(model 117007-002 and controller model 48063-01, Ametck). The pump pulls air up 
to 100 L/min, which is equivalent to an air velocity of 2.3 m/s across the sample area. 
Airflow is uniformly distributed over the sample area by letting air pass through sev-
eral 3-mm diameter plastic straws placed in parallel at the inlet and outlet positions 
(Figure 2). A minimum flow rate of 8 L/min is needed to calibrate the system. For 
flow rates lower than 8 L/min, the system takes a long time to stabilize. A flow meter 
(model 730, Sierra Instruments) that has a range of 0 to 142 L/min is installed to 
measure airflow, and an absolute pressure sensor (model MPX7100AP, Motorola) is 
installed to measure atmospheric pressure. 
Humidity sensors (model HIH-3605-B-CP, Honeywell Microswitch) are installed at 
the inlet and outlet points. Two humidity sensors are placed at the inlet side and six at 
the outlet side. For temperature measurements, two 1000-ohm thin film platinum RTD 
chips (model HEL-775-B-U-1, Honeywell Microswitch) are installed at the inlet. For 
the outlet temperature, sensing grids are placed both at the inlet and outlet. The outlet 
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temperature is equal to the inlet temperature plus the temperature difference between 
the outlet and inlet grids (Mitchell, 1985). Each grid consists of thirty semiconductor 
diodes (1N914) connected in series and placed uniformly across the cross sectional 
area of the inlet and outlet, as shown in Figure 2. The grids are electrically connected 
to each other in order to provide a single voltage deflection due to sensible heat added 
from the skin to the inlet air. A nichrome wire calibration heater is installed to calibrate 
the temperature grid deflection voltage per °C temperature change. 
The supporting electronics, batteries, mass flow meter, and vacuum pump are all 
housed in a separate plastic enclosure, which is 320 mm long × 280 mm wide × 160 
mm high. The connection between the calorimeter and the supporting electronics in 
the enclosure allows the necessary maneuverability of the calorimeter when taking 
measurements. 
Before actual measurements are taken, the vacuum pump needs to be adjusted to 
mimic the air velocity close to the subject. The temperature grids are “zeroed,” corre-
sponding to zero heat added between the two grids. This can be accomplished by pass-
ing ambient air through the system for about 15 min. 
During the actual measurements, the calorimeter is held tight against a flat portion 
of the animal’s body, usually the dorsal surface, to ensure a tight seal between the 
sample area and the body. Measurements were recorded with a sixteen-channel data 
acquisition system. Data measured include: flow rate, voltage signals associated with 
the temperature grid, temperature readings from the infrared sensors, atmospheric 
pressure, and ambient temperature and relative humidity readings. Data was collected 
for 10 min at 10-s intervals. The portable calorimeter was connected to a laptop com-
puter for data monitoring and storage. 
Latent Heat Loss Measurement 
The latent heat loss or evaporative heat loss in direct calorimetry can be measured 
several ways and its measurements have changed over time because of instrumentation 
improvements. For the spot calorimeter, a humidity sensor was used. The Armsby 
Respiration Calorimeter measured the moisture produced by the animal by measuring 
the weight of water in an air sample entering the calorimeter and leaving the calorime-
ter. This was done by absorbing the water from the air in a medium-fine pumice stone 
saturated with concentrated sulfuric acid. In other cases, the moisture content of the air 
was measured by dew-point differences between the inlet and exit air, as done in the 
Beltsville Respiration Calorimeter and the Cornell Gradient Layer Partitional Calo-
rimeter. The Nebraska Gradient Layer Calorimeter used a differential infrared mois-
ture analyzer (Olson and DeShazer, 1974) to measure moisture production. The heat 
content (enthalpy) of the air entering and leaving the system was also used to measure 
the latent heat loss. In measuring the heat content of the air it is assumed that all the 
sensible heat has gone through the walls of the calorimeter or absorbed by the fins in 
the calorimeter, with no increase in air temperature. In the Armsby Respiration Calo-
rimeter (Braman, 1933), the Nebraska Gradient Layer Partitional Calorimeter (De-
Shazer et al., 1970), and Cornell Gradient Layer Partitional Calorimeter (Scott et al., 
1983) the inlet temperature was controlled to equal the exit temperature, thus provid-
ing a null temperature difference between the inlet and outlet air temperature, and no 
sensible heat gain through the ventilation system. The Missouri Partitional Calorimeter 
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measured the latent heat of vaporization with its gradient layer plates before and after 
passing through the calorimeter. It is critical that airflow rate be accurately measured 
for latent or evaporative heat loss. Detailed examples of moisture and airflow meas-
urements are discussed in the Indirect Calorimetry section below. 
Direct Calorimetry Data Interpretation Cautions 
In reviewing direct calorimetry data it is important to note how the waste and 
drinking water are being handled. The testing protocol is also important as to the num-
ber of animals being used, social interactions, etc. Making predictions for ventilation 
and heating requirements for livestock buildings based on only a few animals can be 
false. When water is evaporated from waste or spilled water, the sensible heat will be 
decreased and the evaporative heat loss will increase, but the total heat loss will re-
main the same. When evaporation from the water spillage and waste is eliminated, an 
accurate measure of the thermoregulatory response is accomplished. However, for 
engineering purposes this will over-predict the actual sensible heat load in the build-
ing, and thus under-predict the needed heater size. 
Work that is performed in building situations to obtain heat and moisture loads, 
such as that of Bond et al. (1952), Clark and McQuitty (1989), and Glennon et al. 
(1989), will give reasonable design values for commercial conditions. But, again, the 
waste management system of solid floors, flush systems, or slotted floors (with per-
centages) needs to be noted. In these studies the conductive heat losses through the 
surfaces to the outside environment need to be measured. In the case of Clark and 
McQuitty’s work, heat-flux plates described by DeShazer et al. (1982) were used on 
the building surfaces to measure conductive heat losses. 
As noted in Chapter 1, greater growth rate is usually related to greater feed intake, 
and thus to more heat production or loss. Since sensible heat is governed by surface 
area when the environment, animal configuration, and body temperature are the same, 
the only change in mode of heat loss to allow the animal to be homeothermic is by 
latent means. Thus, a more productive farm animal has greater moisture production. 
When reviewing calorimetry data it is important to know when the data were taken 
and the current information of the animal type and productivity level. Data need to be 
continuously updated to match appropriate environmental conditions and animal per-
formance predictions. 
Indirect Calorimetry 
Indirect calorimetry depends on measurement of energy exchange taking place 
within the animal’s living tissues. The result is metabolism of food or catabolism of 
body tissue. From stoichiometric relationships we know the amount of energy trans-
formed to heat through chemical changes. Therefore, measurements of oxygen con-
sumption and carbon dioxide, methane, and urea production are evidence of heat pro-
duction. While direct calorimetry is the measurement of heat loss, indirect calorimetry 
is the measurement of heat production. Over time, the two measurements are equiva-
lent unless work is performed or a product (tissue gain, milk production, or egg pro-
duction) results. Short-term changes in body temperature also yield imbalances be-
tween the two calorimetry methods because of changes in heat storage of the animal. 
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Indirect calorimetry depends on an accurate measure of the rate of O2 consumption 
and CO2, CH4, and urea production. The major advantage of indirect calorimetry over 
direct calorimetry is that various environmental modifications and changes can be 
investigated. For example, air temperature control patterns for cooling or heating the 
animal, cyclic temperature vs. constant temperature, floor heating or cooling, and in-
frared heating can all be investigated with indirect calorimetry. Indirect calorimetry is 
also versatile in that whole chambers, head boxes, or head masks can be used, giving 
flexibility in chamber studies approximating field studies. Furthermore, the ratio of 
CO2 to O2 exchange, named the respiratory quotient (RQ), is characteristic of the body 
substance being oxidized. However, that is where the simplicity ends since protein 
composition is complex and variable, steady-state conditions in an animal require ac-
climation, and a growing animal stores energy in the growth process. Therefore, accu-
rate measurements of heat production require an in-depth understanding of both physi-
cal processes, in order to make the gas volume measurements, and biological proc-
esses involving animal preconditioning and acclimation. 
Indirect calorimetry systems have been employed successfully with dogs, sheep, pigs, 
horses, cows, chickens, quail, small birds, and many other animals with the major differ-
ences being only chamber size and airflow rate. A few examples of functioning calo-
rimeters follow. A schematic of the multiple-chamber indirect calorimeter system devel-
oped at the Iowa State University (Xin and Harmon, 1996) is shown in Figure 3. 
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Figure 3. Schematic representation of the Iowa State University indirect animal calorimeter (Xin and 
Harmon, 1996). 
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Basic Principles 
Metabolic Heat Production 
Indirect calorimetry is based on the principle that metabolic heat production can be 
determined accurately from O2 consumption, CO2 production, CH4 production, and ni-
trogen excretion of an animal. The relationship (Brouwer, 1965) has the general form of: 
 HP = 16.18 O2 + 5.02 CO2 – 2.17 CH4 – 5.99 N (1) 
where HP = metabolic heat production rate, W 
 O2 = oxygen consumption rate, mL/s, STPD1 
 CO2 = carbon dioxide production rate, mL/s, STPD 
 CH4 = methane production rate, mL/s, STPD 
 N = nitrogen excretion rate, g/s. 
It has been shown for chickens and turkeys that the excreted urinary nitrogen term 
can be neglected with an error of less than 1.5% for either fasting or normal birds. 
Therefore, a more commonly used form of Equation 1 in poultry energetics research is: 
 HP = 16.18 O2 + 5.02 CO2 (2) 
The O2 consumption and CO2 production are determined by the concentrations of 
the gases in the inlet and outlet air streams and the ventilation rate. Namely, 
 6oii2 10)XX(VO
−×α−= &  (3) 
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−×−α= &  (4) 
where iV&  = inlet airflow rate (for a positive pressure system), mL/s, STPD 
Xi, Xo = O2 concentration of the inlet and outlet air, respectively, ppm 
Yi, Yo = CO2 concentration of the inlet and outlet air, respectively, ppm 
α = correction factor for outlet airflow rate to account for the difference in air 
   composition between the inlet and outlet air, calculated as: 
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Another term often used in indirect calorimetry study of animal energetics is the res-
piratory quotient (RQ), defined as the ratio of CO2 production to O2 consumption: 
 RQ = CO2/O2 (6) 
The respiratory quotient reflects the substances that are being metabolized, for exam-
ple, 1.0 for carbohydrates, 0.8 for proteins, and 0.7 for fats. Combustion of alcohol 
(C2H2OH) produces an RQ of 0.667, which has been used for checking the accuracy 
of the calorimetry system. 
                                                          
1 STPD stands for standard pressure (760 mm Hg or 101.325 kPa) and temperature (0°C) and dry air. 
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Airflow Measurements 
An accurate measurement of airflow rate is essential and is conducted just prior to 
the chamber input for a positive pressure system, or at the exit of the chamber for a 
negative pressure system. Instruments such as dry-bellow flow meter, wet-test gas 
meter, precision rotameter, and electronic mass flow meter may be used to measure 
airflow rate. Among these instruments, the electronic mass flow meters generally are 
most convenient and accurate (also most expensive), because they automatically con-
vert airflow rate to standard temperature (0°C) and pressure (101.325 kPa) or STP 
basis. The STP airflow rate ( STPV& ) is then converted to dry basis ( STPDV& ) with the 
following relationship: 
 325.101/)P325.101(VV wSTPSTPD −= &&  (7) 
where Pw is the partial vapor pressure of the moist air in kPa, and can be calculated as 
a function of dew-point temperature (Tdp, °C) (Weiss, 1977): 
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For other non-mass flow measurement devices, the following general form can be 
used to convert airflow rate (V) to STPD basis (VSTPD): 
 ⎥⎦
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where Pa is barometric pressure in kPa, and Tdb is dry-bulb temperature of the air in °C. 
Moisture Levels and Sensible Heat Approximation 
With the knowledge of dew-point temperature of inlet and outlet air, airflow rate of 
the chamber, and barometric pressure, moisture production (MP) can be determined by: 
 
1000
)WW(V=MP ioi
−αρ&
 (10) 
where MP = moisture production, g H2O/s 
 ρ = density of air, 1.293 g/L 
Wi , Wo = humidity ratio of the inlet and outlet air, (g H2O)/(g dry air) 
and (Weiss, 1977): 
 ⎟⎟⎠
⎞
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⎛
− PP
P0.62198=W
w
w  (11) 
where P = barometric pressure of ambient air, kPa 
Pw = partial vapor pressure of the inlet or outlet air, calculated from 
      Equation 8, kPa. 
Units for MP could also be in g H2O/hr with the appropriate conversion. Also, depend-
ing on the experimentation, the value of MP could be divided by the weight of the 
animal or the number of animals tested, or on a whole chamber or barn basis resulting 
in units of, e.g., g H2O/hr-kg body weight. 
When MP originates from the animals only (no water evaporation from feces, 
spilled water, or litter), latent heat loss ( eQ& ) and MP may be used interchangeably to 
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describe the energetic responses of the animals. The two are related by the latent heat 
of water vaporization or enthalpy, hfg , in J/g: 
 eQ&  = MP × hfg (12) 
The latent heat of vaporization is different for different water temperatures. For exam-
ple, when the moisture for poultry is assumed to be from the respiratory system then a 
temperature of 40°C (body temperature) is assumed, thus 2406 J/g is selected to de-
termine eQ& in units of J/s or W (Equation 12). 
Sensible heat loss ( sQ& ) is the difference between total heat production (HP) and eQ& : 
 sQ& = HP – eQ&  (13) 
For the purpose of building ventilation design, MP inclusive of all housing compo-
nents (birds, litter, furnace, etc.) is needed. In that case, the term eQ& would lose its 
original, energetic sense, thus the term MP is usually used. 
Poultry and Swine Calorimetry, Iowa State University 
The multiple-chamber indirect poultry and swine calorimeter at Iowa State University 
is illustrated in Figure 3. This calorimeter is designed to measure both the moisture pro-
duction of the animal and the total heat production. With the assumption that the total 
heat production is equal to the total heat loss, which is true over an extended period of 
time, the sensible heat loss can be calculated. This is done by subtracting the latent heat 
loss from the heat production (Equation 13). The advantage of this system is that heat 
and moisture data can be obtained for environmental control design engineering. 
Animal Chamber 
For multiple-chamber calorimeter systems, each calorimeter should be able to 
maintain its own specific temperature regime. This can be done by separately control-
ling convective heaters for each chamber. Multiple-chamber calorimeters should also 
be constructed with air traps in the waste drains to prevent cross-chamber contamina-
tion. Sufficient insulation in the partition walls should be used to prevent thermal in-
terference between chambers. Air inlets and outlets should be designed to maximize 
uniform air mixing inside the chamber, without causing undesirable drafts at the animal 
level. Perforated ceiling inlets with perimeter outlet tubes above the animals work 
effectively for such purpose. The airflow rate through the chambers should be adjustable 
to accommodate various sizes and/or numbers of experimental animals. This is critical 
to ensure proper gas levels in the outlet air for accurate measurement by the analyzers. 
Gas Analysis System 
An aliquot of inlet or outlet air is drawn with a diaphragm pump and forced through 
a dew-point hygrometer, a drying column, and then through an infrared CO2 analyzer 
and a paramagnetic O2 analyzer (Figure 3). Positive pressure reduces contamination of 
the sample with room air. The analyzers have a standard analog output of 0 to 1 or 0 to 
5 volts DC that can be connected to a data acquisition unit. To shorten the purging 
time between air samples, air is continuously drawn and exhausted through a bleeding 
valve before the analyzers (Figure 3). After the sampling system becomes stable, multi-
ple readings (e.g., once every 2 s for 1 min) are taken, and the average is used for post-
analysis. This procedure helps minimize measurement errors caused by signal noise. 
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Modern paramagnetic O2 analyzers have the option of pressure compensation to 
overcome the influence of changing pressure on O2 measurement. However, the ana-
lyzer is sensitive to airflow rate through the sample cell (normally 250 cc/min). Thus, 
in the case of multiple-chamber calorimeters, an equal airflow through the analyzer 
must be ensured. A cost-effective way to achieve this is by using a needle valve in 
each sample line and individually adjusting the airflow (Figure 3). Modern O2 and 
CO2 analyzers are also equipped with multiple measurement ranges. To obtain the 
maximum accuracy, the smallest range possible is used. The paramagnetic O2 analyzer 
may also have the capability of electronically suppressing a certain level of O2 (e.g., 
20%), and measuring only the specified increment (e.g., 1%, as determined by the span 
setting) above the suppressed level. This is a very useful feature because of the small 
changes in O2 concentration between the inlet and outlet air normally encountered with 
animal experiments. Moisture condensation will occur inside the air sample lines 
when the line temperature is lower than the dew-point temperature of the air. Wrap-
ping the sample lines with a power-regulated heating cable can prevent such conden-
sation. 
Gas analyzers must be carefully calibrated on a regular basis. Depending on the 
stability of the electronic components, the analyzers may need to be calibrated as often 
as twice a day. Automatic calibration is optionally available to reduce the routine ma-
nual checkup. Nitrogen gas (N2) with high purity (99.999%) is used as the zero gas. 
Primary-grade mixtures of O2 or CO2 with N2 balance are used as span gases. Where 
O2 gas of sufficient precision is not available, the paramagnetic O2 analyzer can be 
operated as a suppressed, reversed-range instrument using incoming calorimeter air as 
the zero gas. In this procedure the span is established by zeroing the same incoming 
air but effectively operating the instrument at a lower pressure. The details of the pro-
cedure are given in the manual of instructions for the paramagnetic analyzer. Prior to 
operation, an indirect calorimeter system should be checked by combustion of ethanol. 
Swine and Sheep Calorimetry, USMARC, Clay Center, 
Nebraska 
The original temperature-controlled, multiple-chamber, indirect calorimeter in the 
U.S. Meat Animal Research Center Environmental Laboratory is described in Niena-
ber and Maddy (1985). Components of that system included the temperature-
controlled animal chambers that used direct expansion coils for cooling, a gas analysis 
system to measure gas concentrations and volume, and a data acquisition system to 
collect data and calculate and output results, as well as provide a security system to 
monitor environmental conditions. The animal chambers, temperature control system, 
and data collection system have been completely renovated. The system is now a four-
chamber system, with indirect cooling with circulating cool water and dynamic tem-
perature, and humidity controllers and a modernized data collection system. The origi-
nal design has been retained for the gas concentration and volume measurements. 
Temperature-Controlled Animal Chambers 
The original system (Nienaber and Maddy, 1985) included three independent ani-
mal chambers, each with an attached air handler to maintain constant temperatures (5° 
to 35°C), with humidity regulated by the input of heat from 1200 W resistance heaters. 
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The air handling system included collection of condensate from the cooling coils. An-
imals were transported to the calorimeter chambers, generally from adjacent environ-
mentally controlled animal rooms, for measurements over a nominal 24-h period. The 
calorimetry system was also used to measure fasted animals en route to the slaughter 
facility for evaluation of maintenance requirements over a 16-h period. A third appli-
cation of the system included whole-body measurement of O2 consumption of pigs 
described in the Portal-Drained Viscera section of this chapter. For each application, 
the calorimeter chambers provided space for feed, water, and waste collection, and 
included a plexiglass door used for animal observation. Animal activity was docu-
mented by videotaping during the entire measurement period. A typical protocol in-
cluded moving the pigs or sheep to the calorimeter with a transport cart, quickly at-
taching the plexiglass door to seal the chamber, and then allowing the system to equi-
librate to some near-constant gas concentration which was dependent on the rate of 
airflow through the system, but generally required about 1.5 h (3 air volume turn-
overs). 
The renovated system includes four adjoining rooms to house the animals in carts 
that hold feed, water, and waste systems, and also serve as transport carts to move 
animals from the adjacent environmentally controlled rooms. The new system includes 
an indirect expansion cooling system for variable humidity control and resistance hea-
ters for variable dry-bulb temperature control. A circulating fan and cooling coil are 
suspended from the ceiling where process air is forced over the resistance heaters, 
distributed at the ceiling, and returned via ductwork along the opposite wall with re-
turn vents located 10 cm above the floor. Design conditions include a nominal 8° to 
45°C temperature range with an approximately 15°C dew-point depression at the max-
imum temperature. The cooling coils are under control of a three-way valve that di-
verts chilled water from a reservoir shared by the four units. The chilled water is main-
tained at constant temperature (10° to 30°C), using a 3-ton household-type compressor 
and an expansion coil located in the water reservoir. The chilled water is circulated 
with two pumps (one pump serving two chambers each) operating at 95 L/min at 6.1m 
of water pressure. Each chamber cooling system includes a second circulating pump 
operating at 23 L/min at 4.3m of water pressure, with discharge back to the reservoir 
as determined by the controller, with the balance of the flow recirculated to achieve 
the desired coil temperature, which is assumed to be the system dew-point (saturated 
coils). Condensate from the cooling coils is drained to a container within the chamber 
for evaporative heat loss measurements. 
Gas Analysis System 
Air from each of the animal chambers is moved with a vacuum cleaner pump to gas 
meters located in an adjacent laboratory. Air line temperature and pressure measure-
ments are made at the gas meter. Nine-liter aliquots of the air are collected over the 
measurement period as the air is discharged to the building exterior. The aliquots are 
passed over Drierite to remove moisture to approximately –15°C dew-point and stored 
in Tedlar sample bags that were tested to be impermeable to O2 and CO2 (tested over a 
72-h period). 
Air volume measurements are made with dry test meters or typical household natu-
ral gas meters (AL-800; American Meter Co.) calibrated with a rotary gas meter (AW-
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35; Roots) with traceable calibration. Volume measurements are made on calorimeter 
discharge air without drying; therefore, all gas lines are insulated and heated to pre-
vent condensation. The gas meters are also located within an insulated and heated cab-
inet. Gas volume measurements are based on the calibration coefficient developed 
with the rotary meter and compensated for line temperature, barometric and line pres-
sure, and vapor pressure as measured by dew-point within the chambers. The original 
installation included the use of a dew-point hygrometer by switching air samples from 
the various calorimeters and fresh input air over the same cycling protocol used for 
gas analysis. 
Gas concentration measurements are made with a paramagnetic O2 analyzer with a 
suppressed range (19% to 21%) and a dual channel CO2 and CH4 infrared analyzer 
(0% to 2% and 0% to 0.2%, respectively). Each analyzer is calibrated daily with 
known standards of similar composition to calorimeter air (nominal 20% O2, 1% CO2 
and 0.1% CH4). The calibration gas is formulated and guaranteed as accurate within 
100 ppm. However, upon arrival of the gas at the laboratory, the standard is analyzed 
repeatedly (up to 10 times), with the maximum and minimum concentration measure-
ments discarded. In-house laboratory analyses generally agree with the manufacturer; 
however, gas samples have been sent to cooperating laboratories for independent anal-
ysis to verify measurements if necessary. Fresh air (20.946% O2) is used as the zero 
gas for the O2 analyzer and 99.99% nitrogen gas is used as the zero gas for the CH4 
and CO2 analyzer calibration. 
As a verification of system accuracy, alcohol is burned regularly within each calo-
rimeter to check for recovery of CO2 and consumption of O2. Pure lab grade alcohol 
(100%) yields a known amount of gas exchange: VO2 = 1.461 m and VCO2 = 0.974 m 
where VO2 and VCO2 are liters of O2 and CO2, respectively, and m is the mass (g) of 
alcohol burned. A conservative estimate of accumulative system error ranged from 
3.45% to 5.58% error, based on manufacturer specifications for all instruments and 
dependent on the O2 level operating range of the measurement. Results from the alco-
hol lamp verification are expected to be within 98.5 to 101.5% (well within the poten-
tial error). When the expected result is not achieved the source of the error is located 
and corrected. 
Error Sources and Lessons Learned 
Any calorimeter requires correct operation to obtain proper results. Unfortunately, 
an answer will result regardless of the accuracy or inaccuracy of the measurement. 
Alcohol lamps have been an essential tool for verification of the accuracy of the mea-
surement. Lessons learned since the initiation of the laboratory include: 
 Weather Bureau barometric pressure is corrected to sea level; 
 Manufacturer guaranteed gas mixtures can be in error; 
 Many plastics are porous to O2 and CO2 molecules, which react to concentration 
gradients in spite of pressure gradients; 
 Unequal O2 and CO2 volume exchanges do create a measurement error in air-
flow (a 5% error at an RQ of 0.67); 
 Mechanical components of gas meters shift over time so annual calibration with 
the rotary meter is needed; 
 Undetectable cracks can occur in airline connectors and pump housings; 
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 A lonely ram can break 12-mm plexiglass trying to escape; 
 Saturated air loaded with saturated Drierite destroys O2 analyzer and CO2 ana-
lyzer sensor elements; 
 Animal activity increases heat production and interferes with resting metabolic 
rate; 
 25°C can be a fatal heat stress temperature for swine fully adapted to 5°C condi-
tions; 
 Phone alarm and associated alarm systems can fail so backup independent 
alarms are needed. 
Each of these lessons came at a price, some only at a loss of pride, others significantly 
more expensive. Some were accidents, but most were preventable. 
Respiration Headboxes 
Animal chambers for cattle were developed in the form of respiration headboxes 
which collected all respiration gases from cattle held in stanchions (Baker et al., 
1991). The headboxes measured 0.76 m square and were 1.83 m high. A 0.76 m × 0.6 
m plexiglass door was placed on one of the plexiglass sides to give access to the ani-
mal chamber and service the needs of the animal (food, water, cleanout). A cup-type 
waterer was mounted in one of the back corners of each headbox, opposite the door. 
The back wall of the headbox was an aluminum frame covered with sheeting, and con-
taining a plastic canvas neck cape to fit around the neck of the animal to seal the air-
space around the neck and give the animal freedom to move (stand, lie, eat, drink). 
The floor and top were formed by aluminum framing covered with plexiglass. The 
entire headbox was placed on three wheels, with the two side wheels locked and the 
front wheel steerable. A vacuum motor, mounted within a canister and fitted with an 
air filter, provided air circulation within the headbox and was the source of airflow out 
of the headbox, through a gas meter. Bypass recirculation air was directed across a car 
radiator for cooling and moisture removal within the headbox. Tap water, approxi-
mately 15°C, was constantly circulated through the radiator. Condensate from the ra-
diator was directed out of the headbox through an air trap. Inlet air was around the 
neck. At a minimum airflow rate of 300 L/min, there was sufficient negative pressure 
on the headbox to provide the integrity needed to obtain accurate measurements. 
Gas volume measurements were made with a temperature-compensated, annually 
calibrated, gas meter (AL-425; American Meter). Before the air was discharged from 
the headbox, an aliquot was collected. Line pressure was manually measured with a U-
gauge manometer attached to the air line. Headbox temperature and humidity were 
recorded on a Pace Pocket Logger (model XR440). Barometric pressure was recorded on 
a microbarograph at the USMARC Environmental Laboratory located less than 1 km 
from the barn housing the animals. Sample air was passed over Drierite and collected in 
Tedlar bags over the desired time of measurement, which ranged from 2 to 24 h, then 
transported to the Environmental Laboratory for analysis of O2, CO2, and CH4. An inlet 
air sample was also collected in a Tedlar bag on each headbox during the period of op-
eration, as there was some stratification of gases within the barn due to the animals. 
Gas concentration measurements were done with the same equipment as described 
under the Gas Analysis System section above. System integrity was verified annually, 
or whenever deemed necessary, by burning alcohol within the headbox over a 2-h pe-
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riod. Recoveries ranged from 98% to 102.7%, which was within expected cumulative 
system errors (Nienaber et al., 1993). 
Organ Systems 
Measurements of energy utilization within the body can be done internally by mea-
surements of O2 consumption, just as is done externally by indirect calorimetry. En-
ergy usage of a specific portion of the body can be measured to gain a better under-
standing of energy utilization. Three subsections below will describe measurements of 
energy consumption of the whole body; the portal-drained viscera (primarily the di-
gestive system); and hind limb metabolism (an indicator of mobility costs). Each of 
these measurements includes some type of measurement of O2 content along with a 
measure of blood flow rate. 
Energy Consumption of the Whole Body 
A technique has been developed for human medicine to measure cardiac output 
(CO). This technique was adapted by Huntington et al. (1990) to measure whole-body 
O2 consumption in cattle. The Waters TC-2 Cardiac Output Computer (Waters Instru-
ments) and compatible thermal dilution catheter provide a system for determining CO 
to within 3% accuracy (company literature). Cardiac output is measured by the ther-
mal dilution method, which is performed by injecting a cold bolus of sterile saline into 
the vena cava or right atrium of the heart. A thermistor, located in the pulmonary ar-
tery (PA), detects the thermal response of the circulating blood downstream from the 
site of infusion. Catheters placed in the PA and in the aorta provide respective samples 
of oxygen-depleted and oxygen-enriched blood. Cardiac output, together with O2 con-
centration differences, allows calculation of total O2 consumption. 
Measuring Cardiac Output 
The thermal dilution catheter shown in Figure 4 contains four elements: the PA dis-
tal lumen, shown with a hub and the lumen used to measure PA blood pressure when  
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Figure 4. Thermal dilution catheter. Total length was 110 cm. The proximal injection cannula of the 
catheter was not used. The separate 1.27 mm infusion cannula delivered saline at the proximal injec-
tion site. 
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Figure 5. Cardiac output curve schematic details the method used to calculate the total area under the 
curve (ΣA). Ep is the maximum temperature change and Ө1 and Ө2 refer to time elapsed from start of 
the infusion. ΣA = A1 + 3 (A2). 
inserting the catheter and to collect blood samples from the PA (the change in blood 
pressure and pulse pressure during insertion allows placement of the catheter tip in the 
PA); the proximal cannula, which is used to inject the thermal bolus into the right 
atrium (not used in this study); the balloon cannula, which provides a means of inflat-
ing and deflating the flow-directing balloon near the tip of the catheter to facilitate 
catheter placement; and the thermistor, which was located 3.5 cm from the tip of the 
catheter and used to measure the blood temperature. An additional larger diameter 
(1.27 mm) infusion cannula was used with this composite catheter to accommodate the 
larger volume of infusate used with cattle. The infusion catheter was inserted and lined 
up with the cardiac output catheter so that the tip of the infusion cannula was even 
with the injection site of the unused proximal cannula. 
The cardiac output (CO) computer used the thermal dilution method. This is per-
formed by injecting a cold bolus (0°C) of sterile saline into the right atrium of the 
heart. The heart action completely mixes circulating blood and infusate so that stratifi-
cation of the fluids is minimized. The CO computer determines the area under the time 
vs. temperature curve (Figure 5; ΣA, °C) and calculates cardiac output according to 
Equation 14: 
 
A
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−=  (14) 
where CO = cardiac output, mL/min 
 Vn = infusate volume, mL 
 TB = blood temperature, °C 
 Tn = infusate temperature at the blood stream, °C 
 K = conversion factor 
 ZC = catheter loss factor. 
The catheter loss factor (ZC) used in Equation 14 accounted for the temperature rise 
as the infusate passes through the catheter. The factor was known for the standard ca-
theter sizes but unknown for the 1.27 mm infusion cannula. Therefore, a series of 
measurements was made to determine the temperature of infusate delivered to the 
blood vessel. A quick-response thermocouple (30 gage) was used with a data collec-
tion system that read 20 times per second. The thermocouple was attached to the end 
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of the cannula, which was submerged in a water bath held at 39.0°C to represent body 
temperature. The average value of 20 simulated infusions showed that ZC was 0.892 
for the 1.27 mm cannula and was unaffected by the length of cannula held outside of 
the waterbath (10 or 20 cm). It was also relatively unaffected by the time of injection 
(3 or 5 s); however, there was a substantial effect of time that the syringe was held on 
ice; 20 min was needed to cool the syringe even though the saline was chilled before 
filling. 
Blood Oxygen Content 
PA and aorta blood samples were drawn and analyzed for O2 saturation and hemo-
globin content using a hemoximeter (OSM 2; Radiometer Corp.). The anaerobically 
drawn 3-mL heparinized samples were capped with a rubber stopper and held on ice 
for analysis within 30 min of sampling. O2 concentration was calculated by the follow-
ing equation: 
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Experimental Protocol 
Following ingestion of the morning meal, the jugular vein of a steer was cannulated 
by veinipuncture under a local anesthetic. A 3.4-mm sterile cannula (sheath) and a 
sterile 1.27-mm infusion cannula were implanted. A sterile dilution catheter was in-
serted into the sheath and attached to the infusion cannula such that the infusion can-
nula terminated 30 cm from the tip of the catheter within the superior vena cava or just 
outside the heart. Using the PA distal cannula, the blood pressure was monitored while 
the balloon was inflated to direct the tip of the catheter through the right atrium and 
ventricle and into the PA where it came to rest in a medium-sized pulmonary vessel. 
Blood pressure measurements and distance markers along the catheter were used to 
accurately track the location of the catheter tip and for determining final placement. 
When the catheter was in the proper position, the balloon was deflated and both cathe-
ter and infusion cannula were secured to the animal such that all connectors were ac-
cessible yet protected from damage by movement of the animal in the respiration 
headbox. After placement and between CO measures, the PA distal cannula and infu-
sion cannula were filled with sterile, 0.15M saline that contained 25 IU heparin. 
Sterile 0.15M saline was held at 1°C for 24 h, and then kept on ice until loaded into 
sterile 35-mL syringes. Six syringes were sequentially numbered, filled, stoppered, 
and held on ice before infusion. Infusions were made manually and, as each syringe 
was emptied, it was immediately refilled, stoppered, and placed on ice. 
Four consecutive, one-hour comparisons of O2 consumption measurement tech-
niques were made on each of eight experimental animals. For each hour, one headbox 
sample was collected, three sets of CO measures were made, and three sets of blood 
samples were drawn from the aorta and PA sites. Each set of CO measures consisted of 
six or more infusions of the iced saline. The shape of the CO curve was used to verify 
the accuracy. A typical CO curve is shown in Figure 6. 
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Figure 6. Typical cardiac output curve. 
Calculation of the area under the curve was dependent on the shape of the curve 
(smooth), the length of the curve’s tail (less than 15 s) and the temperature change 
within the bloodstream (approximately 0.5°C). If any of these curve properties were 
out of tolerances, the curve was rejected and the injection was repeated. 
Average results of the hourly measurements made on each of eight steers showed 
that the methods (headbox and CO) were not statistically different (P > 0.10). The ra-
tio of O2 consumption values of the two methods averaged 0.97 ± 0.08 for the eight 
individual animals, thus demonstrating the suitability of this alternative technique. 
Energy Consumption of the Portal-Drained Viscera 
The stomach, small intestine, large intestine, spleen, and pancreas drain their blood 
into the hepatic portal vein. These organs are termed portal-drained viscera (PDV) or 
portal-vein-drained organs. The PDV is very active metabolically. In pigs, the PDV 
represent only about 5% of whole-animal live weight, but use more than 20% of 
whole-animal O2 consumption (Yen et al., 1989; Yen, 1997). The PDV of cattle ac-
count for 18% (Huntington and Tyrrell, 1985) and that of sheep account for 19% 
(Thompson et al., 1978) of whole-animal O2 consumption. 
The portal vein is the gateway for the net absorbed nutrients to reach the liver and 
subsequent peripheral tissues. The flux of the absorption and utilization of energy and 
nutrients by the PDV (Qpv) can be obtained by multiplying the porto-arterial concen-
tration differences of O2 and nutrients (Cpv − Ca) by the portal vein blood flow rate 
( F& ), i.e., Qpv = (Cpv − Ca) × F&  ×Δt, where Δt is the elapsed measurement time. 
Various surgical techniques have been used for catheterizing the portal vein and 
systemic artery of animals permanently. The surgery is a major operation, and strict 
aseptic procedures must be followed. In pigs, the carotid artery is the preferred sys-
temic artery (Rerat et al., 1980; Yen and Killefer, 1987). It can be accessed easily, and 
its catheterization has no ill effect on pigs because of the anastomosis between the 
catheterized and non-catheterized carotid arteries. In cattle, the aorta via iliac artery or 
mesentery artery has been used for sampling arterial blood (Huntington and Tyrrell, 
1985). The aorta (Ferrell et al., 1992; Freetly and Ferrell, 1997), carotid artery, or mes-
entery artery is used in sheep for arterial blood sampling (Remond et al., 1998). 
To catheterize the portal vein in pigs, the procedure reported by Yen and Killefer 
(1987), with slight modification, is described in this section. The anesthetized pig (20 
to 40 kg body weight) is placed in left recumbency. A long incision (15 to 20 cm) is 
92 Chapter 4: Measuring Energetics of Biological Processes 
made behind and parallel to the last rib on the right side of the pig. The portal vein is 
brought toward the incision by inserting the middle finger into the space between the 
pig’s portal vein and posterior vena cava. The gastroduodenal vein entering the portal 
vein, and a cluster of lymph nodes lying caudal to the gastroduodenal vein, are lo-
cated. The connective tissue and outer sheet of a 1-cm segment of the portal vein cra-
nial to the gastroduodenal vein are separated to reveal clearly the portal vein. Three 
ligatures are placed on the separated connective tissues and the outer sheet of the ex-
posed segment of the portal vein, with a ligature cranial and two ligatures lateral to the 
intended insertion site in the portal vein. A puncture or a nick is made in the portal 
vein cranial to the gastroduodenal vein. Any hemorrhage from the puncture of the por-
tal vein is removed by aspiration. The catheter is inserted into the portal vein toward 
the hilum of the liver. The portal vein catheter is made of polyurethane tubing and its 
lumen is treated with a heparin complex. Two pieces of nylon mesh are bonded to the 
catheter, with the first one 5 cm and the second one 27.5 cm posterior to the tip of the 
catheter. By suturing the first piece of nylon mesh to the two lateral ligatures on the 
connective tissue and the outer sheet of the portal vein, and then tying up the anterior 
ligature, the catheter is secured to the portal vein with no occlusion of the blood ves-
sel. Rerat et al. (1980) used a custom-made special needle to insert the catheter into 
the portal vein, and then secured the catheter to the portal vein through a hole made in 
the center of a purse-string ligature prepared beforehand on the portal vein. 
The basic principles and techniques for chronic catheterization of the portal vein in 
cattle and sheep are similar to those in pigs. Huntington et al. (1990) have described a 
detailed procedure for catheterizing the portal vein in cattle. Ferrell et al. (1992) have 
also published a technique for portal vein catheterization in sheep. 
Portal blood flow in pigs has been measured using an electromagnetic probe placed 
around the portal vein (Rerat et al., 1980), or by a downstream indicator dilution tech-
nique using para-aminohippuric acid (PAH) infused into the ileal vein (Yen and Kille-
fer, 1987). An electromagnetic probe allows continuous measurements of portal blood 
flow. However, as a result of proliferation of fibrous tissue between the sensor and the 
vein wall, the functional diameter of the portal vein decreases and a collateral circulation 
develops after 13 to 28 days of probe placement. The timing of this occurrence is unpre-
dictable. Once it occurs, the probe becomes useless for measuring portal blood flow. 
At the U.S. Meat Animal Research Center, PAH infused into the ileal vein is used 
to measure the portal blood flow in pigs. The ileal vein of the pig is approached from 
the same abdominal incision made for the portal vein catheterization. Through the 
same incision, the segment of terminal ileum having a mass of lymph node clusters 
and network of mesenteric veins is brought toward the incision, and the ileal vein is 
located. The surrounding connective tissue of the intended insertion site in the ileal 
vein is carefully separated. Three ligatures are placed on the insertion site. A small 
puncture is made and the catheter is inserted cranially into the ileal vein for 10 cm. 
The ileal vein catheter is also made of polyurethane tubing, and its lumen treated with 
heparin complex. The catheter has a bonded piece of nylon mesh 10 cm posterior to 
the catheter tip, and another piece of nylon mesh 17.5 cm posterior to the first mesh. 
By suturing the anterior piece of nylon mesh to the two lateral ligatures on the connec-
tive tissue and then tying up the anterior ligature, the catheter is secured to the ileal 
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vein in a fashion similar to that for the portal vein. The portal vein catheter is exterior-
ized and exists 2 to 3 cm dorsal and anterior to the abdominal incision, and the ileal 
vein catheter exists dorsal and posterior to the incision. After suturing the second ny-
lon mesh of each catheter to the body wall and sealing off the pierced wound, the ab-
dominal incision is closed. The distal end of each catheter is exteriorized sub-
cutaneously to the dorsal midline and anchored to the skin. 
In cattle and sheep, the mesenteric vein, instead of the ileal vein, is commonly used 
for PAH infusion. 
The indicator dilution technique of measuring portal blood is based on the Fick 
principle (Perry and Parker, 1981). The following equation is used when PAH is con-
stantly infused into the ileal vein or the mesenteric vein following a priming injection 
of PAH (Yen and Killefer, 1987): 
    F&  = (Ci × Ir) (PAHpv [100 − HCTpv]/ 100 − PAHa [100 − HCTa]/100) −1 (16) 
where F&  = portal blood flow, mL/min 
Ci = concentration of PAH infusion solution, mg/mL 
Ir = infusion rate, mL/min 
PAHpv = portal plasma PAH concentration, mg/mL 
HCTpv = portal blood hematocrit, % 
PAHa = arterial plasma PAH concentration, mg/mL 
HCTa = arterial blood hematocrit, %. 
Compared with the indicator dilution technique, electronic cuff-type flow meters 
have the advantage of providing an instantaneous estimate of flow without chemical 
analysis. Both electromagnetic and Doppler-type probes require measurement of blood 
vessel diameter for determining volume flow. As discussed earlier, the functional di-
ameter of a blood vessel can be reduced by fibrous tissue growth between the probe 
and the vessel, resulting in collateral circulation and rendering erratic flow measure-
ments. An ultrasound flow probe has been designed recently that measures volume 
flow independent of blood vessel diameter. Huntington et al. (1990) observed an un-
derestimate of portal blood flow with the ultrasound flow probe in cattle. This under-
estimate was attributed to anatomical constraints precluding proper placement and 
function of the flow probes. In sheep, the portal vein is proportionally longer than in 
cattle. A new type ultrasonic probe (A-series) is less bulky than the S-series used by 
Huntington et al. (1990). Remond et al. (1998) showed the portal blood flow in sheep 
measured by A-series ultrasonic probes was comparable to that measured by PAH di-
lution, whereas the S-series probes underestimated flow by 23% to 48%. 
Energetic expenditure of the PDV has been measured in pigs, cattle, and sheep by 
determining the porto-arterial concentration difference of oxygen and the portal blood 
flow. In pigs, Yen et al. (1989) have developed a system to simultaneously measure the 
O2 consumption by the PDV and the whole animal. The porto-arterial concentration 
difference of O2 can be measured with an in-line arterial-venous O2 difference ana-
lyzer (Avox Systems), connected to the carotid artery and portal vein catheters through 
peristaltic pumps. Without the in-line O2 difference analyzer, the porto-arterial concen-
tration difference of O2 can be determined with a blood O2 analyzer (OSM3 Hemoxi-
meter, Radiometer Corp.) on blood samples obtained from a three-way stopcock con-
nected to the peristaltic pump for blood sampling, and for flushing the tubing and ca-
94 Chapter 4: Measuring Energetics of Biological Processes 
theter. The portal blood flow is estimated with the constant infusion of PAH into the 
ileal vein. The system has been used to measure the dynamic energy expenditure of 
the PDV and the whole animal in 33 to 85 kg pigs and during the 24 to 30 h fast or the 
5 to 12 h postprandial period (see citations in Yen, 1997, and Yen et al., 2001). 
Energy Consumption of the Hind Limb 
By approaches similar to those described above, blood flow has been used as an in-
dex of energy expenditures by various body organs or tissues. Thus, blood flow to a 
specific tissue as a proportion of CO has been used as a relative index of the energy 
expenditure of that tissue. Measurement of O2 arterial-venous concentration differ-
ence, or blood temperature difference across a specific tissue in conjunction with 
blood flow, allows a direct quantification of the energy use or the heat output of that 
tissue. These approaches have facilitated assessment of the relative importance of dif-
ferent body tissues as they contribute to heat production or energy expenditures of the 
whole animal. These approaches have been used to measure and separate heat gener-
ated from the digestive tract into anaerobic and aerobic origins, and have been used 
successfully to measure energy expenditures or substrate flux across the digestive 
tract, liver, gravid uterus, fetus, and hind limb or “hind half.” 
Slaughter Techniques 
Slaughter techniques to partition metabolizable energy consumed (ME) into energy 
retention (RE) in the animal and heat production (HP) are based on the equality ME = 
RE + HP, as are calorimetric approaches. In contrast to calorimetry, in which ME intake 
and HP are determined and RE is calculated by difference (RE = ME – HP), comparative 
slaughter methodologies measure RE directly and HP is calculated by difference (HP = 
ME – RE). These relationships have been recognized since the days of Von Liebig (1803-
1873), but for many years the primary emphasis was to describe and quantify the ME of 
food and heat produced, with retained energy seemingly a secondary consideration. 
The comparative slaughter approach was first employed in animal experimentation 
by Lawes and Gilbert (1860). Those experiments were of considerable interest be-
cause they demonstrated for the first time that carbohydrates were the major source of 
energy leading to the synthesis of fat. Blaxter (1962) stated “during the last 100 years, 
the complete bodies of about 250 cattle and 60 sheep have been analyzed” by the 
scheme that partitioned the animal into weight of gut contents, body water, body fat, 
body protein, and body minerals. The comparative slaughter approach was popular-
ized by Garrett and coworkers with the publication of The Comparative Energy Re-
quirement of Sheep and Cattle for Maintenance and Gain (Garrett et al., 1959). This 
approach was further detailed by Lofgreen (1965) and Thompson (1965). 
Fundamental principles of the comparative slaughter approach used at the US Meat 
Animal Research Center, Clay Center, Nebraska are that a group of animals, represen-
tative of those to be used in a feeding experiment, is slaughtered at the beginning of 
the experiment, and body composition (e.g., water, fat, protein, energy) is determined 
on each. The remaining test animals undergo predetermined treatments for a period of 
time, and are then slaughtered and the final body composition of each is determined. 
The initial body composition of each test animal is estimated from its initial live 
weight, using the regression of total body chemical component on live weight derived 
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from the initial slaughter group. The difference between final and initial body compo-
nent (e.g., energy) provides a measure of gain of that body component during the ex-
periment (e.g., energy gain or RE). Specific details may differ somewhat among labo-
ratories. Of particular concern is that an adequate number of animals are included in 
the initial slaughter group, and that they are representative of the test animals. 
These approaches have advantages over calorimetric techniques in that they allow 
experiments to be conducted under situations more similar to those of livestock indus-
tries. Also, because they must be conducted over an extended period of time to allow 
accurate assessment of body weight and composition changes, results reflect events 
over a feeding period, rather than a point in time as is usually the case for calorimetric 
studies. Body composition has often been determined by the accurate but expensive 
technique of whole-body grinding and chemical analysis. When these techniques are 
utilized, comparative slaughter studies are expensive (due to the cost of relatively 
large numbers of animals, the reduced value of animals slaughtered initially, feeding 
costs, reduced product value, and costs of chemical analyses), laborious, and destruc-
tive (i.e., an animal can only be used once). Thus, these techniques are often used to 
calibrate other, less expensive techniques for determination of body composition. Less 
expensive techniques including carcass density or specific gravity, carcass information 
obtainable in the cooler, and part-whole relationships (e.g., wholesale rib section, 
plate, or offal composition) have been evaluated and used as predictors of whole body 
composition. The search for non-destructive, less expensive methods of estimation of 
body composition (hence energy retention) has led to the evaluation of numerous me-
thods including various water dilution (e.g., D2O, T2O, or dye dilution), ultrasonic 
scanning, 40K counting, three-dimensional photography, nuclear magnetic resonance, 
and computer-assisted tomography. Although each of these methods has shown merit, 
each has limitations that have restricted their application. 
Heat Production/Loss Data 
We have presented numerous methods to measure the energy cost of survival or 
consequences of production practices. The primary purpose was to develop methods to 
understand how an animal responds to various management practices so that we might 
better utilize our resources to improve production settings and animal well-being. Pri-
mary applications of the data are to optimize management strategies whether in ration 
formulation and delivery or heating and ventilation of a structure. Those data have 
been presented, for example in ASABE standards, in the form of response functions or 
tables of specific production situations by species. However, much of that information 
was based on observations made 30 to 50 years past and both production facilities and 
genetic potential have advanced so that significant changes have occurred in heat pro-
duction rates. Summaries of those changes are included in reports by Brown-Brandl et 
al. (2004) for swine and Chepete and Xin (2002) for poultry. 
Swine 
Changes in swine production practices have led to significant changes in heat and 
moisture production as evidenced by reports in the literature. Brown-Brandl et al. 
(2004) reported that some of those changes were caused by increased lean tissue growth 
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Table 1. Change in production statistics in four commercial breeds of pigs (Anderson, 2002). 
Change Reported from 1991 to 2001 
Swine Breed Days to Reach 114 kg Backfat (mm) Lean (kg/pig) 
 Duroc –3.8 –4.8 +1.77 
 Landrace –2.2 –4.6 +1.41 
 Hampshire –4.3 –3.6 +1.64 
 Yorkshire –4.2 –6.1 +2.23 
Average change –3.6 –4.8 +1.76 
and improved ration formulation (balanced diet). Production practices and genetic 
changes have allowed producers to take livestock to a greater final weight without loss 
of carcass value. Detailed performance data, including heat production/loss data, are 
limited for environmental temperatures above the upper critical temperature. 
Carcass Composition Changes 
According to the National Pork Board (2001), dressing percentage (ratio of carcass 
weight to live weight) steadily increased from 69.1% in 1960 to 73.9% in 2002. Retail 
meat yield has also increased 5.1% from 1960 to 2000. In 1960 lard yield per live-
weight equaled 13.6% but that had declined to 1.9% of liveweight by 1988 and has not 
been reported since. However, changes in lean tissue content and backfat depth over the 
decade from 1991 to 2001 were summarized by Anderson (2002) as shown in Table 1. 
Heat production increases as lean tissue accretion rate increases. Tess et al. (1984) 
reported that a 2.1% increase in lean tissue carcass content was correlated with an 
18.7% increase in fasting heat production (FHP). Using this same ratio of FHP in-
crease, the 1.55% increase in lean tissue content measured from 1991 to 2001 would 
relate to an increase in FHP of 14.6%. This is similar to changes noted in four studies 
reporting FHP (Breirem, 1936; Holmes and Breirem, 1974; Tess et al., 1984; and Nob-
let, 2002) and summarized in Figure 7. 
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Figure 7. Fasting heat production of swine as reported by four studies from 1936 to 2002. 
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Figure 8. Heat loss of swine (30 to 40 kg) with temperature at different feeding levels: M is approxi-
mate maintenance requirements (70 W/kg); therefore, 1M = 70 W/kg, 2M = 140 W/kg, 3M = 210 
W/kg, and 4M = 280 W/kg (Close and Mount, 1978). 
Feed Intake and Diet Composition 
Fasting heat production provides an indicator of expected differences in heat pro-
duction but is not solely representative of heat production under full feed. A summary 
of results with various levels of feed intake from maintenance (M) to ad libitum (4M) 
was presented by Close and Mount (1978) in Figure 8. 
Body Weight and Genetic Improvement 
Brown-Brandl et al. (2004) found that changes in genetic lines could account for 
approximately 32% of the increase in heat production of early weaned pigs. Similarly, 
heat production of market weight animals increased from 12% to 35% over the time 
represented by the literature reports. Figure 9 summarizes results from 15 independent 
studies broken into two time periods represented by two equations expressing heat 
production (HP, W/kg) in terms of body mass (m, kg). For the period prior to 1988 the 
representing equation is: 
 HP = 16.11 m-0.44 (17) 
For the period from 1988 to 2002 the representing equation is: 
 HP = 14.11 m-0.38 (18) 
A third equation presented in CIGR (1999) appears to overestimate heat production of 
lightweight animals: 
 HP = 27.58 m-0.54 (19) 
Latent Heat Loss 
Only nine of the 21 studies summarized in the report (Brown-Brandl et al., 2004) 
contained measures of latent heat loss. As discussed earlier, this estimate is complicated 
by the production facility and is not the sole function of animals within the facility. Slat-
ted floors over pits vs. gutter flush vs. bedded systems greatly impact the moisture load 
on the ventilation system, thereby making estimates within a calorimeter insufficient 
for ventilation design. 
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Figure 9. Grow-finish swine (10 to 100 kg) heat production data from 15 independent studies divided 
into two categories: prior to 1988 (representing older, moderate-lean growth genetics) (P < 0.0001), 
and data reported from 1988 to the present (representing the modern, high-lean growth genetics) (P < 
0.0001) compared to that reported in the CIGR Handbook (CIGR, 1999). 
Combined Changes in Heat Production Measurement 
All factors that have led to the increased measured heat production of swine are re-
flected in Figure 10. These factors include body weight, response to temperature, and 
genetic and production system changes in management of swine. The data are summa-
rized from publications dated prior to 1988 and those occurring from 1988 through 
2002. 
Poultry 
A literature review by Chepete and Xin (2002) clearly demonstrated increases in 
the total heat production of both broilers and turkeys over the period of 1953 to 2000. 
It was not uncommon to find increases in growth rate of birds to be three times or 
greater over that time period. The authors cited improvements in genetics, nutrition, 
housing, and management practices as the contributing factors. Only those observa-
tions made within the thermoneutral zone were included for comparisons. A summary 
of their findings by species follows. 
Broilers 
For heat production measurements up through 1968, the best fit curve for total heat 
production was: 
 HP = 8.55 m-0.26 (20) 
while for the period of 1982-2000 the best fit curve was: 
 HP = 10.62 m-0.25 (21) 
All data points included in the curves along with the two best-fit equations for the pe-
riods are shown in Figure 11.  
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Figure 10. Multiple regression analysis of 21 studies from 1957 to present to describe the effects of 
temperature and mass on heat production of grow-finish swine from 5 to 90 kg (Brown-Brandl et al., 
2004). 
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Figure 11. Heat production (HP) of broilers fed ad libitum as a function of body mass (m) at ther-
moneutral environment (19°-30°C), as measured over the past three decades (Chepete and Xin, 2002). 
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Figure 12. Heat production rate (HP) of pullets and layers as a function of body mass (m) at ther-
moneutral environment (21°-30°C), as measured during the past four decades. * = New Hampshire; 
** = Rhode Island Reds (Chepete and Xin, 2002). 
Pullets and Layers 
For pullets and layers there were fewer data to compare over the total period, and 
egg production has not shown the same dramatic increase as with growth rate of broil-
ers or turkeys. All data collected over the available period of literature (1953-1990) is 
summarized in one equation: 
 HP = 6.47 m-0.23 (22) 
The data are presented in Figure 12. 
Turkeys 
The turkey industry has also seen a tremendous increase in the growth rate of birds, 
but also an increase in slaughter weight. Data presented in Chepete and Xin’s 2002 
review included two periods of time (1974-1977 and 1992-1998), and the authors in-
dicate the lack of data collected at today’s higher production weights and the need to 
extend the data. The data are summarized for the 1974-1977 period as: 
 HP = 7.54 m-0.47 (23) 
and for the 1992-1998 period including the higher-growth-rate turkeys as: 
 HP = 9.86 m-0.23 (24) 
The data includes only that collected in the thermoneutral zone of the birds and are 
presented in Figure 13. 
As with the conclusions drawn from the swine data summary, the poultry data 
summary does not include an analysis for moisture production, which as in the case of 
swine is somewhat dependent on production settings, especially waste management 
and bird drinker options used by individual producers. Both swine and poultry heat 
production figures are also limited for the higher-weight animals commonly encoun-
tered in modern production facilities. 
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Figure 13. Heat production rate (HP) of turkeys fed ad libitum as a function of body mass (m) at 
thermoneutral environment (15°-30°C), as measured over the past two decades (Chepete and Xin, 
2002). 
Cattle 
Heat production data for cattle (beef and dairy) are represented by the CIGR model 
presented by Pedersen and Sällvik (2002). While the report includes models for sev-
eral species, those for beef and dairy animals are of particular interest here. 
The beef cattle model includes factors of body mass (m, kg), daily gain (G, 0.7 to 
1.1 kg/d) and ration energy, (ME, 10-12 MJ/kg) and is expressed as heat production, 
HP (in W): 
 HP = 7.64m0.69 + G(23/ME – 1)[(57.27 + 0.302m)/(1 – 0.171G)] (25) 
The total heat production with various ration energy contents at a 0.7 kg/d rate of 
gain is shown in Figure 14, and various rates of gain at a ration energy content of 10 
MJ/kg is shown in Figure 15. Ration energy is related to the roughage content of the 
ration with high-roughage diet containing approximately 10 MJ/kg and a high concen-
trate diet containing approximately 12 MJ/kg. Data presented by Brown-Brandl et al. 
(2003), were 3%, 11%, and 9% lower than the CIGR model estimates using 330 kg 
body mass, 11 MJ/kg ME diet, and a 0.6 kg/d rate of gain for beef cattle held at 20°, 
30°, and 35°C, respectively. 
The dairy model includes factors of body weight, (m, kg), daily milk production, 
(M, kg/d), and stage of pregnancy, (p, days) and is expressed as a heat production, HP 
(W):  
 HP = 5.6 m0.75 + 22 M + 1.6 × 10-5 p3 (26) 
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Figure 14. Beef heat production as affected by ration metabolizable energy content (10-12 MJ /kg) 
and a gain of 0.7 kg (Pedersen and Sällvik, 2002). 
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Figure 15. Beef heat production as affected by rate of gain (0.7-1.2 kg/d) and a ration energy content 
of 10 MJ/kg (Pedersen and Sällvik, 2002) from Equation 25. 
The total heat production with three levels of milk production at 60 days of preg-
nancy is shown in Figure 16, and shown in Figure 17 with three lengths of pregnancy 
at 20 kg/d of milk production. Data from Yan et al. (1997) were summarized for 220 
measurements of dairy cows at various stages of lactation and pregnancy. Measure-
ments from the highest (49.1 kg/d), average (23.7 kg/d), and lowest (3.2 kg/d) daily 
milk production were associated with heat productions which were 9.5%, 18.6%, and 
39.4% higher than CIGR model estimates for lactating cows of high (733 kg), average 
(573 kg), and low (385 kg) liveweights and a range of pregnancies of 133, 13, and 0 
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days, respectively. The error of 39.4% is highest for the lowest milk production level. 
The associations of heat production, body weight, milk production, and stage of preg-
nancy are not specific in this reference (Yan et al., 1997) as there are no raw data giv-
en, only summaries. 
Equations 25 and 26 represent the heat production of beef cattle and dairy cows at 
20°C. The impact of environmental temperature (T, in °C) on heat production of both 
beef and dairy cattle is presented as a multiplier (A) of the total heat production, as 
adapted from Pedersen and Sällvik (2002): 
 A = [1000 + 4(20 – T)]/1000 (27) 
The heat production multiplier is further divided into sensible and latent fractions. 
Two equations have been presented to represent whole barn sensible heat production 
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Figure 16. Dairy cow heat production as affected by milk production (20-44 kg/d) and 60 days of 
pregnancy (Pederson and Sällvik, 2002) from Equation 26. 
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Figure 17. Dairy cow heat production as affected by gestation (60-240 days of pregnancy) and 20 kg/d 
milk production (Pedersen and Sällvik, 2002) from Equation 26. 
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multipliers, B, under different environmental conditions. For dry conditions, 
 BD = 0.8 A – 0.38 T2 (28) 
and for humid conditions, 
 BH = 0.71 A – 0.408 T2 (29) 
Thus, the calculated total heat loss ( tQ& , W) and sensible heat loss (Qs, W) are: 
 tQ&  = [1000 + 4 (20 – T)/1000] × HP (30) 
 sQ& D = {0.8 [1000 + 4(20 – T)] – 0.38 T2}/1000 × HP (31) 
and sQ& H= {0.71 [1000 + 4(20 – T)] – 0.408 T2}/1000 × HP (32) 
Latent heat loss ( eQ& , W) for dry and humid conditions is: 
 eQ&  = tQ& – sQ&  (33) 
Figure 18 presents total heat (Equation 30) and latent heat fractions for dry and 
humid conditions. Included in Figure 18 is a comparison of the CIGR model to the 
data of Yeck and Stewart (1959) which has served as a long-term standard for beef and 
dairy heat production. The results are remarkably similar, given: the number of as-
sumptions required as inputs for the CIGR model (650 kg animal, 12.7 kg/d milk pro-
duction, and 45 days pregnancy); the use of the multiplier factor in the CIGR model 
compared to published curves for total and latent heat production of individual Jersey 
cows or whole barn measurements in Yeck and Stewart (1959); and that heat loss is 
equivalent to heat production. 
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Figure 18. Comparison of the effects of environmental temperature on total heat production of cattle 
using Equation 30 (CIGR) and Yeck and Stewart (1959) dairy cow heat production for individual 
animals and total barn heat production, along with latent heat production values from Equation 33 
for wet and dry barn conditions (CIGR) compared to latent heat production estimates from Yeck and 
Stewart (1959) for individual animal and whole barn conditions. 
Livestock Energetics and Thermal Environmental Management 105 
Future Challenges 
This chapter summarized numerous methods to evaluate the energetics of produc-
tion livestock. An understanding of these responses allows for informed management 
decisions necessary for issues of both production and animal well-being. However, 
limitations exist in our understanding. As production practices continue to change and 
livestock genetic improvements continue, this database of known responses will need 
to be re-evaluated to incorporate expected energetic changes. 
Moisture production of livestock and ancillary moisture loads within buildings is an 
example of that limited knowledge base. Dramatic genetic improvements and numer-
ous management practices, both of which impact building moisture loads, have oc-
curred within livestock production but have not been fully tested. As production sys-
tem designs move forward, available data will provide a basis for estimating loads, but 
future designers will be required to devise methods to critically evaluate the informa-
tion available and to fill those knowledge gaps resulting from limited available data. 
The challenge of organizations (e.g., ASABE, ASHRAE, CIGR) is to continue to pro-
vide forums to discuss and share these critical data and update the needed standards to 
optimize facility design and improve both livestock production and well-being. 
Appendix A 
List of Active Calorimeters (EAAP, 2001) 
Australia 
School of Animal Studies, University of Queensland, Gatton. Methods: Ventilation 
hood, animal-mounted field equipment. 
School of Rural Science and Natural Resources, University of New England, Armi-
dale, NSW. Methods: Closed circuit chambers, CO2-entry rate, isotope dilu-
tion/tracers. 
Belgium 
Katholieke Universiteit Leuven, Department of Agro-Engineering and Economics, 
Heverlee. Methods: Indirect calorimeter, closed circuit respiration chambers, venti-
lation hood, isotope dilution/tracers. 
Laboratory for Quality Care in Animal Production, Zootechnical Centre, K.U. Leuven, 
Lovenjoel. Methods: Comparative slaughter. 
Canada 
University of Alberta, Department of Agriculture Food and Nutritional Science Ed-
monton, Alberta. Methods: Multi-catheterization and A/V differences and blood 
flow, cell and tissue respiration, mass spectrometry. 
Denmark 
Danish Institute of Agricultural Sciences, Department of Animal Nutrition and Physi-
ology Research Centre Foulum, Tjele. Methods: Indirect calorimeter, isotope dilu-
tion/tracers, comparative slaughter, multi-catheterization and A/V differences and 
blood flow, cell and tissue respiration. 
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The Royal Veterinary and Agricultural University, Department of Animal Science and 
Animal Health, Copenhagen. Methods: Indirect calorimeter, isotope dilution/tracer. 
University of Southern Denmark, Department of Physiology and Pharmacology, 
Odense. Methods: Isotope dilution/tracers. 
France 
Centre de Recherches en Nutrition Humaine: Laboratoire de Nutrition Humaine, 
Clermnont-Ferrand. Methods: Indirect calorimeter, isotope dilution/tracers. 
INRA, Animal Nutrition and Breeding, Saint-Gilles. Methods: Indirect calorimeter, 
isotope dilution/tracers, comparative slaughter, multi-catheterization and A/V dif-
ferences and blood flow, cell and tissue respiration. 
INRA, Hydrobiology and Wildlife, Fish Nutrition Lab, Ascain. Methods: Indirect ca-
lorimeter, isotope dilution/tracers, comparative slaughter, cell and tissue respiration. 
INRA, Unite de Recherches sur les Herbivores, Dentre de Clermont-Ferrand/Theix, 
Saint-Genes, Champanelle. Methods: Indirect calorimeter, isotope dilution/ tracers, 
comparative slaughter, multi-catheterization and A/V differences and blood flow, 
cell and tissue respiration. 
Germany 
Institut fur Ernahrungswissenschaft, O Lehrstuhl fur Tierernahrung, Freising Weihen-
stephan. Methods: Comparative slaughter, animal-mounted field equipment. 
Research Institute for the Biology of Farm Animals Dummerstorf-Rostock, Research 
Unit Nutritional Physiology “Oskar Kellner,” Rostock. Methods: Indirect calorime-
ter, isotope dilution/tracers. 
University of Hohenheim, Institute of Animal Nutrition, Stuttgart. Methods: Indirect 
calorimeter. 
University of Hohenheim, Institute of Animal Production in the Tropics and Subtrop-
ics, Stuttgart. Methods: Indirect calorimeter, isotope dilution/tracers, comparative 
slaughter 
University of Kiel, Institute of animal Nutrition, Physiology and Metabolism, Kiel. 
Methods: Isotope dilution/tracers, comparative slaughter. 
Hungary 
SZIU Faculty of  Veterinary Science, Budapest, Institute for Animal Breeding, Nutri-
tion and Laboratory Animal Science, Budapest. Methods: Indirect calorimeter, iso-
tope dilution/tracers, comparative slaughter, cell and tissue respiration. 
Indonesia 
Diponegoro University, Faculty of Animal Husbandry, Semarang. Methods: Ventila-
tion hood, animal-mounted field equipment. 
Laboratory of Physiological Chemistry, Department of Physiology and Pharmacology, 
Faculty of Veterinary Medicine, Institut Pertanian Bogor, Bogor. Methods: CO2-
entry rate, isotope dilution/tracers, multi-catheterization and A/V differences and 
blood flow. 
Metabolic Research Group, Faculty of Animal Husbandry, Udayana University, Den-
pasar-Bqali. Methods: Isotope dilution/tracers, comparative slaughter, multi-
catheterization and A/V differences and blood flow. 
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Israel 
Agricultural Research Organization (Israel), Institute of Animal Science, Department 
of Beef Cattle, Newe Yaar Research Center, Ramat. Methods: Indirect calorimeter, 
isotope dilution/tracers, animal-mounted field equipment. 
Hebrew University, Department of Animal Science, Faculty of Agriculture, Rehovot. 
Methods: Ventilation hood, comparative slaughter. 
University of Tel Aviv, Department of Zoology, Ramat Aviv. Methods: Indirect calo-
rimeter, ventilation hood, isotope dilution/tracers, comparative slaughter, multi-
catheterization and A/V differences and blood flow, animal-mounted field equip-
ment. 
Italy 
Istituto di Zootecnia Generale, Facolta di Agraria Unviersita degli Studi di Mialano, 
Milano. Methods: Indirect calorimeter. 
Japan 
Kyushu National Agricultural Experimental Station, Kumamoto. Methods: Indirect 
calorimetry, cell and tissue respiration. 
Obihiro University of Agriculture and Veterinary Medicine, Inada-cho, Obihiro, Hok-
kaido. Methods: Ventilation hood, blood O2-saturation. 
National Grassland Research Institute, Department of Forage Production and Utilisa-
tion, Senbonmatsu, Tochigi. Methods: Ventilation hood, A/V differences, ultra-
sound (PDV, liver). 
National Institute of Animal Industry, Department of Animal Nutrition, Tsukuba No-
rindanchi. Methods: Indirect calorimetry, ventilation hood, A/V differences, ultra-
sound (PDV, liver). 
Utsunomiya University, Department of Animal Science, Utsunomiya. Methods: Indi-
rect calorimetry, comparative slaughter. 
Morocco 
Institut Agronomique et Veterinaire, Rabat. Methods: Indirect calorimetry, ventilation 
hood. 
The Netherlands 
ID TNO Nutrition, Lelystad. Methods: Dilution/tracers, comparative slaughter, A/V 
differences, ultrasound (PDV, liver), telemetry (heart rate, etc.). 
Wageningen University and Research Center, Department of Animal Sciences, Wagen-
ingen. Methods: Indirect calorimetry, comparative slaughter, telemetry (heart rate, 
etc.). 
Wageningen University and Research Center, Department of Animal Sciences, Fish 
Culture and Fisheries Group, Wageningen. Methods: Indirect calorimetry, compara-
tive slaughter, digestion studies. 
New Zealand 
AG Research, Grasslands Research Centre, Nutrition and Behaviour Group, Palm-
erston North. Methods: Indirect calorimetry, animal-mounted field equipment. 
Norway 
AKVAFORSK, Institute of Aquaculture Research AS, Sunndalsora. Methods: Indirect 
calorimetry, comparative slaughter, cell tissue respiration. 
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Poland 
Faculty of Human Nutrition and Consumer Sciences, Warsaw Agricultural University, 
Warsaw. Methods: Indirect calorimetry, ventilation hood, isotope dilution/tracers. 
The Kielanowski Institute of Animal Physiology and Nutrition, Department of Protein 
and Energy Metabolism, Jablonna near Warsaw. Methods: Comparative slaughter. 
Romania 
Institute of Biology and Animal Nutrition, Department of  Fiziology Nutrition, Ba-
lotesti. Methods: Indirect calorimetry, comparative slaughter, enzyme kinetics. 
Spain 
Estacion Experimental del Zaidin (C.S.I.C.), Unidad de Nutricion Animal, Granada. 
Methods: Indirect calorimetry, CO2-entry rate, isotope dilution/tracers, comparative 
slaughter. 
Sweden 
Swedish University of Agricultural Sciences, Department of Animal Nutrition and 
Management, Uppsala. Methods: Isotope dilution/tracers, A/V differences, ultra-
sound (PDV, liver), cell and tissue respiration, enzyme kinetics, ileal cannulated 
pigs. 
Switzerland 
Swiss Federal Institute of Technology, Institute of Animal Sciences, Animal Nutrition, 
Zurich. Methods: Indirect calorimetry, isotope dilution/tracers. 
Swiss Federal Institute of Technology, Institute of Animal Sciences, Nutrition Biology, 
Zurich. Methods: Indirect calorimetry, ventilation hood, comparative slaughter. 
United Kingdom 
ADAS, Nutritional Sciences Research Unit, Stratford upon Avon. Methods: Indirect 
calorimetry. 
Agricultural and Environmental Science Division, Department of Agriculture and Ru-
ral Development, Belfast, Northern Ireland. Methods: Indirect calorimetry, closed 
circuit respiration, TOH dilution, comparative slaughter, A/V differences, ultra-
sound (PDV, liver). 
Centre for Dairy Research, Department of Agriculture, University of Reading, Read-
ing. Methods: Indirect calorimetry, isotope dilution/tracers, A/V differences (PDV, 
liver, mammary gland, hind-limbs, etc.), gut cannulation. 
Institute of Grassland and Environmental Research, Ceredigion, Wales. Methods: 
Comparative slaughter, nutrient flow to and absorption from small intestine, rumen 
metabolism. 
National Institute of Poultry Husbandry, Harper Adams University College, Shrop-
shire. Methods: Comparative slaughter, animal-mounted field equipment. 
Roslin Institute, Integrative Biology Division, Roslin, Scotland. Methods: Indirect 
calorimetry, doubly labeled water, comparative slaughter. 
Rowett Research Institute, Appetite and Energy Balance Division, Bucksburn, Aber-
deen, Scotland. Methods: Indirect calorimetry, closed circuit respiration, CO2-entry 
rate, ventilation hood, isotope dilution/tracers, doubly labeled water. 
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United States of America 
Colorado State University, Animal Sciences Department, Fort Collins, Colorado. Me-
thods: Indirect calorimetry, comparative slaughter. 
Langston University, E. de la Garza Institute for Goat Research, Langston, Oklahoma. 
Methods: A/V differences, indirect calorimetry, comparative slaughter. 
Texas A & M University, Department of Animal Science, Kleberg Center, College 
Station, Texas. Methods: Indirect calorimetry, comparative slaughter, telemetry 
(heart rate, etc.). 
U.S. Department of Agriculture, Agricultural Research Service, Energy Metabolism 
Unit, Beltsville, Maryland. Methods: Indirect calorimetry, isotope dilution/ tracers, 
comparative slaughter, A/V differences, ultrasound (PDV, liver), cell and tissue res-
piration. 
U.S. Department of Agriculture, Agricultural Research Service, Growth Biology Labo-
ratory, Beltsville, Maryland. Methods: Comparative slaughter, nuclear magnetic 
imaging, dual-energy X-ray absorptiometry. 
U.S. Department of Agriculture, Agricultural Research Service, U.S. Meat Animal 
Research Center/Biological Engineering Research Unit, Clay Center, Nebraska. 
Methods: Indirect calorimetry, comparative slaughter, telemetry (heart rate, etc.), 
animal-mounted field equipment. 
University of California, Department of Animal Science, Ruminant Systems Labora-
tory, Davis, California. Methods: Comparative slaughter, telemetry (heart rate, 
etc.). 
University of Georgia, Food and Nutrition Department, Boyd Graduate Studies Re-
search Center, Athens, Georgia. Methods: Indirect calorimetry, open circuit respira-
tion chambers. 
University of Kentucky, Department of Animal Science, Lexington, Kentucky. Meth-
ods: Isotope dilution/tracers, A/V differences, ultrasound (PDV, liver). 
University of Minnesota, Department of Animal Science, St. Paul, Minnesota. Meth-
ods: Isotope dilution/tracers, comparative slaughter, A/V differences, ultrasound 
(PDV, liver). 
Washington State University, Department of Animal Sciences, Pullman, Washington. 
Methods: Indirect calorimetry, isotope dilution/tracers, comparative slaughter, cell 
and tissue respiration. 
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